Background: Both eukaryotic and prokaryotic GAPs use dual finger mechanisms to deactivate Rab GTPases. Results: The Legionella pneumophila GAP LepB employs a novel catalytic network to accelerate GTP hydrolysis. Conclusion: A non-canonical hydrolytic mechanism underlies the catalytic prowess and specificity of LepB. Significance: The selective pressure driving evolution of unconventional Rab GAP mechanisms is related to oncogenic substitutions in Ras.
GTPase activating proteins (GAPs) from pathogenic bacteria and eukaryotic host organisms deactivate Rab GTPases by supplying catalytic arginine and glutamine fingers in trans and utilizing the cis-glutamine in the DXXGQ motif of the GTPase for binding rather than catalysis. Here, we report the transition state mimetic structure of the Legionella pneumophila GAP LepB in complex with Rab1 and describe a comprehensive structure-based mutational analysis of potential catalytic and recognition determinants. The results demonstrate that LepB does not simply mimic other GAPs but instead deploys an expected arginine finger in conjunction with a novel glutamic acid finger, which forms a salt bridge with an indispensible switch II arginine that effectively locks the cis-glutamine in the DXXGQ motif of Rab1 in a catalytically competent though unprecedented transition state configuration. Surprisingly, a heretofore universal transition state interaction with the cis-glutamine is supplanted by an elaborate polar network involving critical P-loop and switch I serines. LepB further employs an unusual tandem domain architecture to clamp a switch I tyrosine in an open conformation that facilitates access of the arginine finger to the hydrolytic site. Intriguingly, the critical P-loop serine corresponds to an oncogenic substitution in Ras and replaces a conserved glycine essential for the canonical transition state stereochemistry. In addition to expanding GTP hydrolytic paradigms, these observations reveal the unconventional dual finger and non-canonical catalytic network mechanisms of Rab GAPs as necessary alternative solutions to a major impediment imposed by substitution of the conserved P-loop glycine.
The ability of the intracellular bacterial pathogen Legionella pneumophila to evade lysosomal degradation and replicate within diverse phagocytic cell types, including amoebae and human lung macrophages (1) , depends on manipulation of conserved host proteins involved in membrane trafficking and other fundamental processes (2, 3) . L. pneumophila uses an essential type IV Dot/Icm secretion system to inject at least 275 effector proteins (4) . After phagocytosis, the Legionella-containing vacuole (LCV) 4 fuses with vesicles derived from the endoplasmic reticulum (ER) and matures into a rough ER-like replicative organelle (5, 6) .
The molecular mechanisms underlying interaction of L. pneumophila with the early secretory pathway have been illuminated by studies based on the observation that the Rab1 GTPase, which is essential for fusion of ER-derived vesicles with the cis-Golgi, is recruited to the LCV shortly after phagocytosis and cycles off as the LCV matures (7, 8) . Rab1 recruitment depends on the effector DrrA/SidM, a Rab1 guanine nucleotide exchange factor (GEF) targeted to the LCV through interaction with phosphatidylinositol 4-phosphate (9 -11) . The effector LepB accumulates on the LCV as DrrA and Rab1 cycle off and has been shown to function as a GTPase activating protein (GAP) for Rab1 (12) . Another effector, LidA, binds several Rab GTPases including Rab1 with low nM to pM affinity and may sequester Rab proteins or tether ER-derived vesicles with the LCV to facilitate SNARE-mediated fusion (9) . Interestingly, DrrA also promotes non-canonical SNARE pairing of plasma membrane syntaxins on the LCV with Sec22b on ER-derived vesicles (13, 14) and AMPylates a tyrosine residue in the switch II region of Rab1 (15) . Recent studies have identified an effector that phosphocholinates Rab1 on an adjacent serine (16) as well as effectors with Rab1 de-AMPylation and de-phosphocholination activities (17, 18) . These modifications impair or abrogate interactions with DrrA, LepB, and some host proteins but not LidA (19, 20) .
Several studies have delineated the structural bases for Rab1 activation, AMPylation, and interaction with LidA (15, (21) (22) (23) . LepB is not homologous to known GAPs and, consequently, the structural basis for Rab1 deactivation has been unclear. TBC (Tre, Bub2, Cdc16) domains in host Rab GAPs supply catalytic arginine and glutamine fingers in trans and utilize the cis-glutamine in the DXXGQ motif of Rab GTPases for binding rather than catalysis (24) . An analogous dual trans finger mechanism was identified in the Rab1 GAPs VirA and EspG from Shigella flexneri and enteropathogenic Escherichia coli, respectively (25) . A recently reported crystallographic study of the LepB GAP core in complex with Rab1-GDP and the ground state mimetic beryllium fluoride (BeF 3 ) revealed that LepB supplies an arginine finger but not a glutamine finger and instead utilizes the cis-glutamine in the Rab1 DXXGQ motif (26) . This structural observation, which was supported by mutation of the putative arginine finger and cis-glutamine, suggested that LepB utilizes a Ras/Rho GAP-like catalytic mechanism rather than the dual finger mechanism described for TBC domains (24, 27) and VirA/EspG (25) .
Although considerable attention has been focused on the role of the trans/cis-arginine and glutamine as principal catalytic residues in GAP-GTPase reactions, computational as well as experimental studies suggest that the overall electrostatic environment, conformational transitions between the ground and active states, and other factors including steric hindrance in the hydrolytic site also play important roles (28 -30) . Beyond identification of expected catalytic arginine and glutamine residues based on the ground state complex (26) , the structural mechanism for LepB-mediated acceleration of GTP hydrolysis has not been investigated in detail.
Here, we report the crystal structure of the LepB GAP core in complex with Rab1-GDP and the transition state mimetic aluminum fluoride (AlF 3 ), which is interpreted in the context of a family-wide profile of Rab substrate specificity and an extensive structure-based mutational analysis of potential catalytic determinants. The structure and supporting mutational analyses reveal an unprecedented catalytic network consisting of six distinct polar/charged residues that are critical for GAP activity. This non-canonical catalytic mechanism accounts for the unusually high catalytic prowess of the LepB GAP core, contributes to its exquisite substrate-specificity, and provides insight into the selective pressure driving evolution of unconventional hydrolytic mechanisms in Rab GAPs.
EXPERIMENTAL PROCEDURES
Constructs-Constructs amplified with Vent polymerase were digested with BamHI-hf/SalI-hf and ligated into a modified pET15b vector incorporating an N-terminal His 6 tag (human Rab1A), a modified pET28b vector incorporating a His 6 -SUMO tag (LepB), or pGEX-4T1/pGEX-6P1 (Rab GTPases). Mutations were generated using the QuikChange II XL kit (Stratagene). Constructs were verified by sequencing.
Expression and Purification-BL21(DE3)-RPIL cells transformed with LepB and Rab expression plasmids were cultured for 16 h at 21°C in 2ϫYT after induction with 50 M isopropyl 1-thio-␤-D-galactopyranoside at an A 600 of 0.2-0.4. Cell pellets resuspended in 50 mM Tris, pH 8.0, 0.2 mg/ml lysozyme (Sigma), 10 g/ml protease free DNase I (Worthington) were incubated on ice for 40 min and lysed by sonication. Lysates were supplemented with 0.5% Triton X-100 and centrifuged at 33,000 ϫ g for 1 h at 4°C. His 6 constructs were initially purified using nickel-nitrilotriacetic acid-Sepharose HP (GE Healthcare) equilibrated with 50 mM Tris, pH 8.0, 100 mM NaCl, washed with buffer containing 500 mM NaCl and 15 mM imidazole, and eluted with 300 mM imidazole. To remove His 6 SUMO, fusion proteins were digested with 0.12 mg/ml His 6 -SUMO protease for 12 h at 4°C and passed through a nickelnitrilotriacetic acid Sepharose HP column. GST fusions were initially purified using glutathione-Sepharose (GE Healthcare) equilibrated and washed with 50 mM Tris, pH 8.0, 100 mM NaCl and eluted with 10 mM reduced glutathione. Constructs were further purified by anion exchange chromatography on a HiTrap HPQ column (GE Healthcare), equilibrated, washed with 10 mM Tris, pH 8.0, and eluted with a gradient of 0 -1 M NaCl followed by gel filtration on a Superdex-75 column (GE Healthcare) in 10 mM Tris, pH 8.0, 100 mM NaC1. All buffers were supplemented with 0.1% 2-mercaptoethanol and, for Rab GTPases, 2 mM MgCl 2 .
GAP Assays and Stopped Flow Experiments-Rab GTPases were incubated for 1-3 h at 25°C in 20 mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA, and 1 mM DTT with a 10-fold molar excess of GTP that was subsequently removed using a D-Salt column (Pierce). The kinetics of phosphate release after intrinsic and GAP-accelerated GTP hydrolysis were continuously monitored using a fluorescent phosphate sensor consisting of the E. coli phosphate-binding protein (PBP) labeled with 7-diethylamino-3-[N-(2-maleimidoethyl)carbamoyl]coumarin (MDCC) on a cysteine residue introduced in a loop proximal to the binding site as described (31) . Reactions were initiated by mixing 4 M His 6 /GST-Rab-GTP with 10 mM MgCl 2 , 5 M PBP-MDCC phosphate sensor, and varying concentrations of His 6 -SUMOLepB 326 -623 or His 6 -TBC1D20 1-350 in 20 mM Tris, pH 7.5, 150 mM NaCl. GAP assays were conducted in 96-well half-area microplates (Corning) using a Safire microplate spectrometer (TECAN) with emission and excitation wavelengths of 425 and 457 nm, respectively. Stopped flow measurements were performed using a SX20 instrument (Applied Photophysics) with emission detected through a 455-nm-long pass filter after excitation at 425 nm. For intrinsic tryptophan fluorescence experiments, samples were excited at 297 nm, and the emission was detected at 340 nm (microplate assays) or through a 320-nm long pass filter (stopped flow). Time courses were fit with an exponential model,
where I(t), I 0 , and I ∞ are the fluorescence intensities at the indicated times. The turnover number (k cat ) and Michaelis constant (K m ) were obtained by fitting the resulting values of k obs with the hyperbolic model,
Catalytic efficiencies (k cat /K m ) were obtained from the slopes of linear fits with,
Rab Specificity Profile-GST-Rab GTPases were loaded with GTP as described above, and the kinetics of GTP hydrolysis were monitored in microplate format at 0, 10, 50, and 250 nM His 6 -SUMO-LepB 326 -623 . Initial velocities (v o ) obtained by linear regression were converted to concentration per unit time using a conversion factor determined by titration of PBP-MDCC with a phosphate standard. Catalytic efficiencies (k cat / K m ) were estimated from the slopes of linear fits with
Crystallization, Data Collection, and Structure Determination-LepB 326 -623 and His 6 -Rab1A 4 -177 were transformed into BL834(DE3) and expressed in defined MOPS medium (Molecular Dimensions) supplemented with 40 mg/ml selenomethionine. Purified LepB constructs were incubated in a 1:1 ratio with His 6 -Rab1 4 -177 for 12 h at 4°C in 10 mM Tris, pH 8.0, 2 mM MgCl 2 , 2 mM AlCl 3 , and 20 mM NaF. Initial crystallization conditions were identified by sparse matrix screening in 96-well sitting drop IntelliPlates (Art Robbins) formatted with equal 200-nl volumes of 10 mg/ml complex and crystallization solution using a Gryphon crystallization robot (Art Robbins). For diffraction experiments, 10 mg/ml SeMET-substituted complex was crystallized in hanging drops with 12% PEG 4000, 0.1 M Hepes, pH 7.2, 0.2 M potassium acetate, 2 mM AlCl 3 , 20 mM NaF, and 10 mM 2-mercaptoethanol. Crystals were transferred to a cryo-stabilizer solution consisting of 20% PEG 4000, 100 mM Hepes, pH 7.2, 0.2 M potassium acetate, 2 mM AlCl 3 , 20 mM NaF, 10 mM 2-mercaptoethanol, 20% glycerol, and flashfrozen in liquid nitrogen. The crystals are in the space group I4 1 22 with cell dimensions a ϭ b ϭ 139.4 Å, c ϭ 384.5 Å, a mosaicity of 0.5, and a solvent content of 58%. A two-wavelength anomalous diffraction (MAD) data set was collected at the selenium edge using the NSLS X29 beamline at Brookhaven National Laboratory and processed with HKL2000 (32).
The structure was solved by MAD using sites and density modified phases calculated by AutoSol in Phenix (33). Density FIGURE 1. Identification and characterization of the LepB GAP core. A, the region corresponding to the LepB GAP core identified by limited proteolysis with Glu-C is depicted above the predictions of consensus secondary structure (47), heptad repeats (hr) with Coils (48), and transmembrane (TM) helices with TMHMM (49) . B, shown are time courses for Rab1 GTP hydrolysis at the indicated concentrations of the LepB GAP core. C, shown is stopped flow analysis of the kinetics for Rab1 GTP hydrolysis as a function of the concentration of the LepB GAP core. D, shown is a profile of the catalytic efficiency (k cat /K m ) of the LepB GAP core for GST-fusions of 30 Rab GTPases. E, shown is gel filtration chromatography after incubation of the LepB GAP core with Rab1-GDP, Rab1-GDP-AlF 3 , or Rab1-GppNHp in a 1:2 stoichiometric ratio. On the right is an SDS-polyacrylamide gel of the fractions corresponding to the first peak (elution volume 8.5-10.5 ml; 0.5-ml fractions). a.u., arbitrary units. modification included solvent flipping and averaging over two of the three complexes in the asymmetric unit. The resulting A-weighted experimental map was used for automated model building with Buccaneer (34) . Models complete to 80 -90% were obtained for two complexes along with a partial model in multiple fragments for the third complex. A complete model for the third complex (chains E and F) was subsequently obtained by molecular replacement using Phaser (35) with search models consisting of the individual LepB (chain A) and Rab1 (chain B) coordinates. The trace was completed, and the models were refined without non-crystallographic symmetry restraints by iterating manual model building in Coot (36) with simulated annealing in Phenix (33) and positional refinement by Refmac5 (37) . Buccaneer, Phaser, and Refmac5 were used as implemented in CCP4 (38) . Structural figures were generated with PyMOL.
The third complex is located adjacent to an extended solvent channel and is poorly ordered as indicated by the low quality of the electron density in the experimental and difference maps, high overall B-factors, and torsion angle outliers in the final refined model. Lower symmetry space groups were also considered by systematically locating the contents of the asymmetric unit by molecular replacement with Phaser for all possible space groups including P1. The structures were refined by simulated annealing in Phenix followed by Refmac5 is CCP4. In no instance did we find a solution that resolved the observed disorder or resulted in a lower free R. Thus, at least at the resolution of the data, there is no evidence to support a lower symmetry space group even though refinement in lower symmetry space groups is possible with similar but not better results.
Statistical Analysis-Values and errors represent mean Ϯ S.D. for 2-4 independent measurements.
RESULTS
The LepB GAP Core Has Unusually High Catalytic Activity and Specificity-LepB consists of an N-terminal region with a high density of predicted helical structure despite lacking homology with other proteins followed by heptad repeats and a transmembrane domain (Fig. 1A) . A His 6 construct of the fulllength protein was expressed in a soluble form and purified. Limited proteolysis with Glu-C yielded a stable intermediate of ϳ33 kDa. N-terminal sequencing revealed a mixture consisting of the His 6 tag and a sequence (LKPLTLLM) matching residues 326 -334. Based on the apparent molecular mass of the Glu-C fragment, constructs were generated corresponding to residues 326 -617, 326 -623, and 326 -667. The shorter constructs purified as monomers, whereas the longer construct, which includes ϳ40 residues from the heptad repeat region, purified as a dimer.
As shown in Fig. 1B , LepB 326 -623 has a very high catalytic efficiency for Rab1 (k cat /K m ϭ 9.5 ϫ 10
), which is similar to that of LepB 326 -667 (k cat /K m ϭ 1.4 ϫ 10 6 M Ϫ1 s Ϫ1 ), Ͼ10-fold higher than well characterized TBC domains such as Gyp1p and TBC1D20, and ϳ3-fold higher than VirA (Table 1) . Detailed kinetic analysis by stopped flow revealed a high k cat of 84 s Ϫ1 and a K m of 90 M (Fig. 1C) . These values of k cat /K m , k cat , and K m differ by Ͻ3-fold from those reported recently for sim- and is also observed for the GppNHp-loaded protein (data not shown), indicating that it cannot be due to GTP hydrolysis. B, shown are microplate experiments with excitation at 297 nm and detection at 340 nm. C, shown are microplate experiments with phosphate release detected using the MDCC-phosphate-binding protein. (19) . These moderate variations can be attributed to differences in assay conditions and constructs.
Because some TBC domains exhibit complex Rab specificities that do not correlate with phylogenetic relationships (40), we profiled the catalytic efficiency of LepB 326 -623 for 30 Rab GTPases (Fig. 1D) . In contrast to Gyp1p and VirA, which have GAP activity for multiple Rabs (24), LepB 326 -623 is remarkably selective for Rab1. Indeed, k cat /K m is 400-fold lower for Rab35 (the most similar Rab1 paralog) and Ͼ2000-fold lower for other Rabs. Similarly high specificity for Rab1 was recently reported for LepB 313-618 (39) . The LepB GAP core also formed a stable complex with Rab1-GDP and aluminum fluoride (AlF 3 ) that could be isolated by gel filtration (Fig. 1E) .
Based on intrinsic tryptophan fluorescence, LepB was reported to have substantial catalytic efficiencies for Rab3A, Rab8, and Rab13 that are only 10-fold lower than for Rab1 and thus comparable to the most active TBC domain GAPs (26) . However, in the profile of catalytic efficiency described here (Fig. 1D) , which uses a fluorescent sensor to detect phosphate release, we observed weak activity for Rab3A that was at least 2000-fold lower than for Rab1. Using intrinsic tryptophan fluorescence in both stopped flow and microplate experiments (Fig. 2) , we readily detected a strong signal for Rab1 that yielded a catalytic efficiency equivalent to that measured by phosphate detection. For Rab3A, on the other hand, we observed an increase in intrinsic tryptophan fluorescence in the microplate experiments that clearly coincided with intrinsic GTP hydrolysis but was not accelerated by LepB. In stopped flow, we observed a small but reproducible transient that depended on Mg 2ϩ but not LepB. This small transient was also observed for Rab3A loaded with GppNHp and evidently reflects conformational changes after Mg 2ϩ addition rather than GTP hydrolysis. Because production of inorganic phosphate is a hallmark of GTP hydrolytic reactions and because we detected only marginal acceleration of the intrinsic hydrolytic rate constant by either method (k cat /K m Ͻ500 M Ϫ1 s Ϫ1 ), we conclude that Rab3A is a very weak LepB substrate compared with Rab1. Although Rab8 and Rab13 were not included in our profile, neither Rab3A nor Rab13 was detected as substrates in an independently determined profile of LepB 313-618 that did not include Rab8 (39) . Whether Rab8 is a bona fide substrate remains unclear. 
Structure of the LepB GAP Core in a Transition State Mimetic
Complex with Rab1-Crystals diffracting to 3.2 Å were obtained for His 6 -Rab1A 4 -177 -GDP-AlF 3 in complex with LepB 326 -623 . The structure was solved by multiwavelength anomalous diffraction ("Experimental Procedures," Table 2 , and Fig. 3 ). The asymmetric unit contains three independently refined complexes, two of which are well ordered and have similar tertiary structures (root mean square deviations of 0.26 Å after superposition) with no significant differences in the molecular interfaces or hydrolytic site stereochemistry (Fig. 3) . The figures, analyses, and presentation are based on chains A (LepB) and B (Rab1) but also apply to chains C (LepB) and D (Rab1). Chains E (LepB) and F (Rab1), on the other hand, are poorly ordered and were, therefore, excluded from subsequent consideration.
The overall structure of the LepB GAP core is similar to that in the ground state Rab1-GDP-BeF 3 complex (26) and consists of two domains (residues 326 -524 and 536 -621) connected by a polyproline linker (Fig. 4A) . The N-terminal domain has a mostly helical secondary structure, with an elongated although distorted three helix bundle (␣B, ␣E, and ␣F) that scaffolds an N-terminal ␣/␤ subdomain (␤A, ␤B, and ␣A) and a central subdomain composed of two helices (␣C and ␣D) connected by large yet well defined loops. Near the ␣E/␣F loop, the threehelix bundle splays apart to accommodate a substantial hydrophobic core at the interface with the N-terminal subdomain. Docking of the central subdomain with the opposite, less distorted end of the three helix bundle generates a pronounced V-shaped groove corresponding to the core of the Rab1 binding site. The C-terminal domain consists of five helices (␣G-␣K) with a right-handed super-helical arrangement and, as described below, plays a crucial role with respect to the catalytic efficiency of the GAP core.
The LepB transition state complex with Rab1-GDP-AlF 3 buries a surface area of 2500 Å 2 within an interface centered on the N-terminal domain (Fig. 4B) . Near the splayed end of the three helix bundle, the invariant hydrophobic triad at the switch/interswitch junction of Rab1 (switch I Phe-48, interswitch Trp-65, and switch II Tyr-80) docks in a hydrophobic groove lined by residues from ␣E (Ile-483, Gln-486, and Phe-490), the ␣E/␣F loop (Ile-492), and ␣F (Ala-495). Other hydrophobic switch I (Ile-44) and switch II residues (Phe-73 and Ile-76) are buried in an adjacent hydrophobic groove defined by residues from ␣E (Gly-476, Thr-472, Asn-475, and Gln-479) and the ␣C/␣D loop (Val-435 and Leu-442). The hydrophobic core of the interface is flanked by an extensive network of polar/ ionic interactions (Fig. 4C) . At the nucleotide proximal end of the interface, switch I Tyr-40 is clamped by the backbone of residues in the ␣B/␣C loop of the N-terminal domain (His-415 to Gly-416) and ␣J/␣K loop of the C-terminal domain (Gly-595 to Arg-596) and further secured through polar interactions with the backbone of Arg-444 in the N-terminal domain and Val-592 and Gly-595 in the C-terminal domain (see also Fig.  6A ). Consistent with the ground state structure (26) , the mode of interaction with the switch II region explains why GAP activity is abrogated by AMPylation of Tyr-80 but only mildly impaired by phosphocholination of Ser-79 (19, 20) . Indeed, Tyr-80 is located directly in the interface, whereas Ser-79 is exposed at a proximal location (Fig. 4D) .
The Hydrolytic Site Architecture in the Transition State Mimetic Complex Reveals an Unprecedented Non-canonical
Polar Network-Inspection of the experimental maps revealed clear density for GDP, Mg 2ϩ , and aluminum fluoride, which was modeled as planar AlF 3 (Fig. 3) . Although not clearly resolved at 3.2 Å resolution, the invariant waters coordinated by Al 3ϩ and Mg 2ϩ could be modeled in density at the expected locations. There was also clear density for an obvious arginine finger (Arg-444 from the ␣C/␣D loop), which appears to mediate canonical polar interactions with the ␣/␤ phosphates and one of the equatorial fluoride ions. Unlike TBC domains and VirA/EspG, but consistent with the ground state complex (26), LepB does not supply a trans-glutamine finger (Fig. 5, A and B) .
Instead, the cis-glutamine in the Rab1 DXXGQ motif (Gln-70) is oriented toward the hydrolytic site, where it appears to mediate a canonical polar interaction with the axial (hydrolytic) water without forming the heretofore invariant hydrogen bond with the equatorial fluoride (Fig. 5A) . Intriguingly, however, the loss of this key interaction appears to be compensated by an elaborate network of polar residues, in which Ser-20 in the P-loop contacts the equatorial fluoride that typically interacts with the cis/trans-glutamine, whereas Ser-42 in switch I contacts the same equatorial fluoride, the axial water, and the cisglutamine. Moreover, alternative rotamer conformations for Gln-70 are excluded by Glu-449, which appears to mediate a polar interaction with Gln-70 while extending to form a salt bridge with Arg-72 in the switch II region. Although the resolution of the structure precludes a detailed analysis of the stereochemistry, it is noteworthy that the same polar network and pattern of putative hydrogen bonding interactions was observed in both of the well ordered, independently refined complexes (Fig. 3) .
Residues in the Non-canonical Polar Network Are Critical Determinants of GAP Activity-To examine the functional importance of the putative non-canonical hydrolytic network, the implicated residues were replaced with alanine. All of the mutants described here expressed as soluble monomeric proteins at wild-type levels and were purified to homogeneity. Large decreases in k cat /K m of 100 and 10,000-fold were observed for R444A and Q70A, respectively (Fig. 5C) . The large reduction for the Q70A substitution contrasts with the modest effect of the equivalent mutation in Rab substrates for the Gyp1p TBC domain (24) or the moderate effect on TBC1D20 catalysis. These results are in good agreement with the effects of the R444A and Q70A mutations described in the context of the ground state complex (26) .
Remarkably, although consistent with the putative non-canonical polar network observed in the transition state structure, the S20A, S42A, R72A, and E449A substitutions reduced k cat /K m to an extent comparable to or greater than mutation of the arginine finger, with effects ranging from 50-to 5000-fold (Fig. 5C) . Moreover, the Q70A mutation reduced the intrinsic rate of hydrolysis to an undetectable level, whereas an 11-fold reduction was observed for S42A (see Fig. 6F ). Interestingly, the intrinsic rate of S20A is similar to wild-type Rab1, suggesting that the large effect of this mutation on LepB catalysis may reflect loss of the non-canonical polar interaction with Arg-444. Consistent with this interpretation, the R444A mutation diminished k cat /K m by 10-fold for S20A compared with 100-fold for wild-type Rab1. In contrast, catalytic efficiency was reduced 10-fold or less for mutation of 10 other LepB residues that mediate polar interactions with Rab1, supporting a role for these residues in binding rather than catalysis.
Taken together, these observations confirm the trans/cis disposition of the arginine finger/catalytic glutamine in the context of the transition state-mimetic complex and further identify a non-canonical catalytic network that includes four additional residues that are critical for GAP activity and appropriately distributed within the hydrolytic site to contribute to transition state stabilization via direct interactions with an equatorial ␥-phosphate oxygen and axial hydrolytic water . C, shown is catalytic efficiency of mutations involving LepB and/or Rab1 residues in the non-canonical polar network (left), LepB residues in the polar/non-polar interface with the switch and interswitch regions (middle), and Rab1 residues in the non-canonical polar network with respect to the TBC domain of TBC1D20 (right). Bars are colored according to the location of the mutated residues using the color scheme in Fig. 2A. a.u. , arbitrary units.
(Ser-20 and Ser-42) or otherwise restrict the cis-glutamine to a catalytically competent configuration (Glu-449 and Arg-72). The non-canonical intramolecular interactions involving Gln-70 and Ser-42 also appear to be relevant for the intrinsic reaction.
Role of the Tandem Domain Architecture and Tyr-40 Clamp Interaction-As shown in Fig. 6A , Tyr-40 in the switch I region of Rab1 is clamped in a distinctive crevice between the N-terminal domain and C-terminal domain of LepB, where it is secured through polar interactions. In the ground state, Tyr-40 adopts either an "open" conformation trapped by crystal contacts or a "closed" conformation that blocks insertion of the arginine finger (Fig. 6B) . The corresponding tyrosine in the yeast ortholog Ypt1p adopts an identical closed conformation (41) , strongly suggesting that the closed conformation predominates in the absence of artifactual crystal contacts as demonstrated for the equivalent Tyr-32 in Ras (42) . A notable difference in Rab1 is the hydrogen bond between Tyr-40 and Ser-20 ( Fig. 6C ) rather than a direct or water-mediated contact with the ␥-phosphate as in Ras (43) . As a consequence of the clamp interaction in the LepB complex or a distinct yet analogous interaction in VirA/EspG, Tyr-40 is maintained in an open conformation compatible with arginine finger insertion (Fig. 6D) .
Three different approaches were used to assess the role of the C-terminal domain and clamp interaction. First, Tyr-40 was replaced by alanine, which is predicted to generate a constitutively open Rab1 variant. Consistent with this expectation and the possibility that the Tyr-40 side chain does not contribute to GAP affinity per se, the Y40A mutation had little effect on k cat /K m (Fig. 6E) . Interestingly, however, the intrinsic hydro- lytic rate was elevated 20-fold (Fig. 6F) , strongly suggesting that the closed conformation is not only favored in solution but contributes substantially to ground state stability and thus represents a barrier that must be overcome by GAPs. As a second approach, constructs corresponding to the N-and C-terminal domains were generated. Both domains expressed in a soluble form at levels comparable to the intact catalytic core and were readily purified to homogeneity as uniform monomers with no evidence of breakdown products or aggregation. The k cat /K m for the N-terminal domain was 1000-fold lower than the intact catalytic core, whereas no activity was detected for the C-terminal domain (Fig. 6E ). This dramatic difference, however, cannot be due entirely to loss of contacts with the side chain of Tyr-40, as k cat /K m for the N-terminal domain is 300-fold lower with respect to the constitutively open Y40A mutant. The third approach, which involved mutation of LepB residues proximal to the clamp interface, provides the most conclusive evidence that the clamp interaction plays an important role. Indeed, the V592A substitution reduced k cat /K m 20-fold for wild-type Rab1 but had negligible effect with respect to the Y40A mutant. Likewise, the G595A mutation resulted in a 5-fold decrease that is partially restored by the Y40A mutation, consistent with small steric perturbations involving both the backbone and side chain of Tyr-40. These observations clearly demonstrate that the tandem domain architecture is critical for GAP activity and suggest that the clamp interaction destabilizes the ground state in addition to facilitating access of the arginine finger in the transition state.
DISCUSSION
This study reveals how a structurally unique GAP core of a bacterial effector attains extraordinary catalytic output and substrate specificity by employing an atypical tandem domain architecture in combination with a non-canonical transition state polar network involving six distinct "catalytic" residues. Despite similarity with respect to the trans/cis disposition of the arginine finger/catalytic glutamine, as recently deduced from the structure of the ground state complex (26) , it is clear that there are profound differences between the conventional structural mechanism for acceleration of GTP hydrolysis observed in other GAPs and that described here for LepB based on the structure of the transition state complex and systematic mutational analysis of polar residues in the LepBRab1 interface.
The LepB GAP core occurs in the context of a large, 1294-amino acid protein that also includes an N-terminal domain of unknown structure and function, a long sequence of heptad repeats, and a putative C-terminal transmembrane domain that is likely important for localization to the LCV. Notably, the catalytic efficiency of the LepB GAP core is ϳ100-fold greater than that reported earlier for the full-length protein (12) . It is possible that the catalytic activity is autoinhibited by elements outside the GAP core; however, the lower apparent activity of the full-length protein could be due to aggregation mediated by the putative transmembrane domain. Additional experiments are required to distinguish these possibilities and determine the function of the N-terminal domain and heptad repeats.
Given the length of the heptad repeat region and the observation that a construct containing ϳ40 residues of the heptad repeats proximal to the GAP core purifies as a dimer on gel filtration, we suspect that the heptad repeats may form an extended parallel coiled coil that could project as far as 100 nm into the cytoplasm. The presence of likely hinge regions within and after the putative coiled coil would in principle allow the GAP core to deactivate Rab1 associated with the LCV as well as Rab1 on proximal ER-derived vesicles. Moreover, the exceptional catalytic prowess of the LepB GAP core is consistent with the comparably high Rab1 exchange activity of DrrA as well as the picomolar binding affinity of LidA (21, 23, 44) . It is likely that these remarkably high catalytic activities/binding affinities evolved to allow L. pneumophila to compete effectively with host factors for control of Rab1 on the LCV.
The exquisite specificity of LepB for Rab1 contrasts with the non-phylogenetic specificities of VirA and at least some TBC domains. By supplying both the catalytic arginine and glutamine in trans from orientations that avoid contact with residues in the GTPase (Fig. 7) , the dual finger mechanism may be prone to promiscuity. Conversely, the non-canonical trans/cis polar network utilized by LepB is expected to enhance specificity, as the serines in the non-canonical polar network are only partially conserved (Fig. 8) . Moreover, many Rab GTPases replace Tyr-40 with residues that may not be compatible with the tyrosine-shaped groove at the interface of the N-and C-terminal domains. Thus, the high specificity of LepB for Rab1 can be attributed to determinants directly related to the catalytic mechanism in addition to effector-like recognition determinants within or proximal to the interface with the switch/interswitch regions (45) .
The observation that the heretofore universal transition state stereochemistry of glutamine-dependent hydrolytic reactions can be fundamentally reconfigured expands current paradigms for both the intrinsic and GAP accelerated mechanisms. Moreover, the independent evolution of noncanonical trans/cis and dual trans finger mechanisms in structurally unrelated GAPs from widely divergent eukaryotic and prokaryotic organisms implies a selective pressure common to Rab GTPases but absent in GTPases with conventional cis-glutamine-mediated interactions. Intriguingly, the P-loop serine is invariably replaced by glycine in Ras, Rho family GTPases, and G␣ subunits, which collectively define the hallmark cis-glutamine paradigm but rarely in Rab GTPases. Moreover, oncogenic mutations involving the corresponding Gly-12 in Ras strongly impair intrinsic as well as GAP accelerated hydrolysis due to steric conflicts with both the cis-glutamine and trans-arginine (46) . The same fundamental conflict with the cis-glutamine applies to nearly all Rab GTPases (30) . TBC domains and VirA circumvent this critical impediment by supplying dual trans fingers that insert in orientations compatible with the conventional transition state interactions, whereas LepB exploits the P-loop serine in the context of a non-canonical catalytic network (Fig. 7) . These observations implicate substitution of the P-loop glycine as the primary selective pressure driving evolution of alternative mechanisms in Rab GAPs.
While this manuscript was under review, Yu et al. (39) reported a Rab specificity profile for LepB as well as the crystal structure of LepB from Legionella drancourtii in complex with Rab1-GDP and aluminum fluoride. The specificity profile and structure are similar to those described here.
